Background/Objectives Patients colonized with toxinogenic strains of Clostridium difficile have an increased risk of subsequent infection. Given the potential role of the gut microbiome in increasing the risk of C. difficile colonization, we assessed the diversity and composition of the gut microbiota among long-term care facility (LTCF) residents with advanced dementia colonized with C. difficile. Design Retrospective analysis of rectal samples collected during a prospective observational study. Setting Thirty-five nursing homes in Boston, Massachusetts. Participants Eighty-seven LTCF residents with advanced dementia. Measurements Operational taxonomic units were identified using 16S rRNA sequencing. Samples positive for C. difficile were matched to negative controls in a 1:3 ratio and assessed for differences in alpha diversity, beta diversity, and differentially abundant features. Results Clostridium difficile sequence variants were identified among 7/87 (8.04%) residents. No patient had evidence of C. difficile infection. Demographic characteristics and antimicrobial exposure were similar between the seven cases and 21 controls. The overall biodiversity among cases and controls was reduced with a median Shannon index of 3.2 (interquartile range 2.7-3.9), with no statistically significant differences between groups. The bacterial community structure was significantly different among residents with C. difficile colonization versus those without and included a predominance of Akkermansia spp., Dermabacter spp., Romboutsia spp., Meiothermus spp., Peptoclostridium spp., and Ruminococcaceae UGC 009. Conclusion LTCF residents with advanced dementia have substantial dysbiosis of their gut microbiome. Specific taxa characterized C. difficile colonization status.
Introduction
In the USA, Clostridium difficile is responsible for approximately 500,000 infections annually, resulting in 15,000 deaths [1] and is included on the urgent threat list of the Centers for Disease Control and Prevention (CDC) [2] . The burden of C. difficile infection (CDI) in long-term care facilities (LTCF) is substantial with a nationwide prevalence rate of 1.85/100 LTCF admissions and increased 3-month mortality [3] . The risk of CDI among residents of LTCFs is sevenfold higher compared to individuals in the community [4] . This increased risk is due to multiple risk factors for CDI in this patient population, including advanced age, frequent antimicrobial exposure, multiple comorbidities, and recurrent hospitalizations [3] [4] [5] .
Recent advances in the study of the microbiome, the bacteria that colonize the human body, have demonstrated that dysbiosis of this commensal bacterial community structure predisposes to CDI and that restoration to a healthier microbiome, through fecal microbiota transplantation, can prevent disease and recurrences [6] [7] [8] [9] [10] [11] . In this study, the diversity and composition of the microbiome were characterized among LTCF residents with advanced dementia, a population whose microbiome has not been previously studied. Furthermore, since C. difficile colonization is a prerequisite for infection and is associated with a sixfold higher risk of CDI, [12] this study focused on the microbiome characteristics of LTCF residents with advanced dementia who were colonized with C. difficile.
Methods

Study Population
From 2009 to 2012, the Study of Pathogen Resistance and Exposure to Antimicrobials in Dementia (SPREAD) was conducted in 35 nursing homes [13, 14] . The goals of this study were to quantify and characterize suspected infections, antimicrobial use, and incidence of multidrug-resistant organisms (MDRO). A total of 362 residents with advanced dementia were enrolled. Patient data, including demographics, comorbidities, Bedford Alzheimer Nursing SeveritySubscale (BANS-S), [15] the Test for Severe Impairment (TSI), [16] antimicrobial use, and suspected infections, were recorded at baseline and every 3 months thereafter for 12 months or until death. To determine acquisition rates of MDRO, rectal samples were also collected during these intervals. Results of this study are reported elsewhere [13] . Suspected infections included the presence of diarrhea. If identified during any interval, data pertaining to clinical symptoms, stool cultures, and C. difficile testing were collected. As part of a subanalysis, rectal samples from 87 SPREAD participants, who received antimicrobials prior to sampling (0-9 months), underwent DNA extraction and 16S rRNA analyses (see below) to characterize the microbiome disruption indices (microbiome disruption indices) associated with MDRO acquisition. For the purpose of this study, these rectal samples were also analyzed for the presence of C. difficile sequences. The microbiome of each positive C. difficile stool sample was then compared to three stool samples in which C. difficile was not identified, matched for interval of sample collection.
Specimen Collection and Fecal DNA Extraction
Rectal samples were obtained using a sterile double-tipped swab (Starswab II; Starplex Scientific Inc., Ontario, Canada) inserted into the anus. All samples were placed in a vial containing 20% glycerol within 1-2 h of collection and then stored at − 80 °C for future analyses. Frozen rectal swabs were then thawed and immediately placed into 96-well microtiter plate. Fecal DNA was extracted using the PowerSoil DNA Isolation Kit (MOBIO, West Carlsbad CA) according to the manufacturer's protocol. The concentration of extracted DNA was determined by Nanodrop 1000 (Thermo Scientific, Watham MA), and DNA was stored at − 20 °C until used.
16S rRNA Gene Library Preparation and High-Throughput Sequencing
All samples were amplified and barcoded for multiplex pyrosequencing using primers targeted to the V4 region of the bacterial 16S rRNA gene under uniform PCR conditions that included 3 min at 94 °C and 45 cycles of 45 s at 94 °C, 60 s at 50 °C, and 90 s at 72 °C with final extension for 10 min at 72 °C [17] . We used forward primer (AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT ATG GTA ATT GTG TGC CAG CMG CCG CGG TAA) that includes a 5′ Illumina adaptor, forward primer pad, 2 bp linker, and the 515F 16S rRNA primer and reverse primer (CAA GCA GAA GAC GGC ATA CGA GAT NNNNNNNNNNNN-AGT CAG TCA G-CC-GGA CTA CHV GGG TWT CTA AT) that includes the Illumina 3′ adapter with a 12-nt error-correcting Golay barcode, reverse primer pad, 2 bp linker, and the 806R 16S rRNA primer. We ran PCR in triplicate using 0.2 µM of the primers, 1 µl of template, and 1X HotMasterMix (5 PRIME, Gaithersburg MD) and cleaned the products using a PCR Purification Kit (Qiagen) after pooling. Cleaned PCR products were quantified using the Qubit dsDNA HS Assay Kit (Invitrogen™, Eugene OR) and then adjusted to an optimal molarity, as described [18] . Sequencing was performed using the Illumina MiSeq platform in the New York University Langone Medical Center (NYULMC) Genome Technology Core.
Statistical and Bioinformatic Analysis
Demultiplexed sequences were curated and analyzed using the DADA2 pipeline [19] . Briefly, all the sequences were filtered to truncate the paired reads to 150 nt. in length and eliminate reads with quality values less than 2. Error rates were estimated and corrected by pooling all the reads from the sequencing run, with default parameters. Taxonomy was assigned using the SILVA 123 database. Resulting operational taxonomic units (OTUs) were analyzed using the Phyloseq package in R [20] . Within-sample diversity (alpha diversity) was estimated by calculating the Shannon diversity index (evenness) and the total number of observed species (richness) and then compared between patients colonized with C. difficile or not using nonparametric testing (Wilcoxon rank-sum test). Between-sample diversity (beta diversity) was determined by estimating UniFrac distances between samples. Between-sample distances were visualized using principal coordinates analysis, and sample-clustering patterns were investigated with the ADONIS test. Differentially abundant features between patients colonized with C. difficile or not were compared using the linear discriminant analysis (LDA) effect size (LEfSe) method [21] . An LDA score of 2.0 and an alpha level of 0.05 were used for nonparametric testing between groups.
Results
Clinical Characteristics
Clostridium difficile sequence variants were identified in seven patients (7/87, 8.04%), of whom none had diarrhea or a diagnosis of C. difficile infection. These seven patients (cases) were matched to 21 patients who did not have C. difficile sequence variants (controls). Among these 28 patients, demographics and clinical characteristics were as follows: mean age 89.3 years, male gender 25%, Caucasian 92.9%, diagnosis of diabetes mellitus, chronic obstructive pulmonary disease and congestive heart failure 21.4, 10.7, and 10.7%, respectively, TSI = 0 42.9%, mean BANS-S score 20.8 ± 2.6, hospice care 14.3%, and do not resuscitate orders 82.1%. There were no statistically significant differences between cases and controls in these characteristics (P > 0.05). There were also no differences in types of antimicrobials received between cases and controls (Table 1) .
Sequencing Output
A total of seven cases and 21 controls were included in the analysis, yielding a total of 471,689 sequences with a median (IQR) of 17,501.5 (3986). A total of 1602 unique OTUs were identified. C. difficile sequence variants retrieved from cases represented an extremely small proportion of the gut microbiome, with a mean relative abundance of 0.09% ± 0.29.
Alpha Diversity
Microbial diversity defined by species richness (number of observed species) and relative abundance within individual samples (evenness) was similar between cases and controls (P > 0.05). Figure 1 
Beta Diversity
The differences in the fecal microbiome composition among samples belonging to each patient group were similar to the differences observed when comparing the composition of the samples between groups, indicating that no distinct community structure characterized the microbiome of residents colonized with C. difficile or the microbiome of controls. As shown in Fig. 2 , no specific sample-clustering patterns were observed when comparing samples grouped according to C. difficile colonization status (P value for weighted and unweighted UniFrac = 0.56 and 0.97, respectively).
Compositional Assessment and Identification of Differentially Abundant Features
The composition of bacterial taxa at the phylum level did not differ between cases and controls (P > 0.05). In both groups, members of the phylum Firmicutes dominated the fecal microbiota (cases: 42.7%, controls: 38.8%), followed by Bacteroidetes (cases: 20.4%, controls: 26.3%), Proteobacteria (cases: 20.8%, controls: 24.9%), and Actinobacteria (cases: 8%, controls: 6.8%). Among the overall population, the more abundant genera (> 5%) were Bacteroides spp. (14.7% ± 15.9), followed by Proteus spp. (6.7% ± 15.6), Campylobacter spp. (6.2% ± 11.5), Corynebacterium spp. (5.9% ± 18.9), and Escherichia/Shigella spp. (5.3% ± 11.4). The analysis of differentially abundant features showed that patients colonized with C. difficile had a significantly higher relative abundance of Akkermansia spp., Dermabacter spp., Romboutsia spp., Meiothermus spp., Peptoclostridium spp., and Ruminococcaceae UGC 009 (Fig. 3) . Figure 4 shows the composition of the fecal microbiota by C. difficile colonization status at the phylum and genus levels. In the latter, only taxa representing ≥ 1% relative abundance are shown.
Discussion
The present study investigated the microbiome diversity and composition of the unique patient population of LTCF residents with advanced dementia, according to C. difficile colonization status. The main findings were that among this patient population, the overall microbiome diversity was substantially reduced and specific compositional characteristics of the microbiome were associated with C. difficile colonization.
Patients with advanced dementia are characterized by increased frailty, multiple comorbidities, and frequent infections [22] . In turn, these characteristics are associated with microbiome dysbiosis and reduced diversity [23, 24] . Thus, it is not surprising that microbiome diversity, as measured by the Shannon index, was substantially reduced in the study population with a value of 3.2, which is substantially lower than reported values of 4.5 among healthy controls [25] . In addition, antimicrobial exposure further contributes to reduced microbial diversity [26] . LTCF residents with advanced dementia are frequently exposed to antimicrobials, with up to 66% receiving at least one course of antimicrobials over a 1-year period [27] . In this study, all subjects were exposed to antimicrobials, further explaining the reduced diversity in the commensal community structure of the microbiome. Differences in diversity were not detected between subjects who were colonized with C. difficile compared to those who were not colonized. The absence of significant differences likely reflects the presence of a severely dysbiotic microbiome in the population of advanced dementia patients who have substantial antimicrobial exposure.
At the phylum level, the composition of the microbiome did not differ with regard to C. difficile colonization status, with the majority of taxa belonging to four phyla: Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria. These phyla are also the most common among healthy controls [26] . At the genus level, however, specific differences between subjects who were colonized with C. difficile and controls were identified. The gut microbiome among patients with C. difficile colonization was characterized by a predominance of Akkermansia spp., Dermabacter spp., Romboutsia spp., Meiothermus spp., Peptoclostridium spp., and Ruminococcaceae UGC 009. These taxa may identify a subset of subjects at higher risk of C. difficile colonization. The predominance of Ruminococcaceae spp. is an interesting finding as the depletion of these bacteria has been associated with CDI [28, 29] . Members of this genus produce butyrate, and depletion of which may result in epithelial dysfunction and increased susceptibility to CDI [29] . Since colonized subjects in this study did not develop CDI, Ruminococcaceae spp. may have protected against subsequent infection. Validation of this concept, however, will require a longitudinal study of the microbiome composition among C. difficile-colonized subjects, with CDI as the outcome of interest.
Several studies have addressed the microbiome indices associated with C. difficile among LTCF residents or hospitalized patients [25, [30] [31] [32] [33] [34] . Comparable to the results of this study, reduced biodiversity of the microbiome in these patient populations was reported. Specific compositional signatures were also identified among subjects with CDI, which differed from the present study [25, [30] [31] [32] [33] [34] . However, differences in patient populations and antimicrobial exposure, as well as the fact that our study only investigated colonization with C. difficile, limit the scope for valid comparisons between the microbial community structure characterized in this study and previous reports. Studies are needed to better characterize the microbiome changes that accompany colonization and infection with C. difficile in the high-risk population of LTCF residents with advanced dementia and substantial antimicrobial exposure.
Certain limitations should be considered before interpreting the present findings. First, the sample size was small and data from larger patient cohorts are needed to confirm our findings. Second, C. difficile colonization was determined by 16S sequencing, and not by standard testing. This may raise concerns for a possible misclassification bias as the use of 16S sequencing for this indication has not been formally validated. However, 16S sequencing is a well-standardized technique, and sequences were analyzed using the DADA2 pipeline, which has sufficient resolution for detecting taxa at the species level [19] . Third, for the microbiome analyses, rectal samples were used instead of the more commonly used fecal samples. However, several studies have shown that data obtained from either sampling method are comparable [35, 36] .
Preventing C. difficile colonization and CDI would have important implications toward the improvement of outcomes among all LTCF residents. Reconstituting the fecal bacterial community structure to one which represents a healthy microbiome can reduce the risk of recurrence in patients with CDI [10, 11] . The findings of this study suggest that specific microbiome disruption indices may be able to identify subjects at high risk of C. difficile colonization and may assist in the formulation of targeted preventive and therapeutic strategies in the LTCF setting [10, 11] .
